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Abstract 
Designs of aircraft structures have been moving toward leaner, lightweight designs for increased fuel 
efficiency. The Passive Aeroelastic Tailored (PAT) wing developed under the NASA Advanced Air 
Transport Technology (AATT) project is an example of a swept-wing design with high aspect ratio that 
incorporates lightweight highly-flexible tailored composite construction. The passive aeroelastic tailored 
structural design has explored the design space to enable aeroelastically tailored wing structures to 
increase aspect ratios (from 9 to 14) and ultimately reduce weight by 20 percent to 25 percent without 
impacting aeroelastic performance. To further study the aeroelastic performance of such a wing, the 
NASA Armstrong Flight Research Center (AFRC) (Edwards, California) has developed efficient 
real-time structural algorithms that are used in conjunction with a fiber-optic measurement system for 
lightweight vehicle applications. The AFRC Fiber Optic Sensing System (FOSS) provides up to  
8,000 distributed surface strain measurements at one-half-inch increments and can be used to estimate a 
variety of structural parameters such as shape and load. This report discusses the implementation of 
strain-based displacement and twist-sensing techniques applied to the PAT wing test article tested at the 
NASA AFRC Flight Loads Laboratory. Empirical FOSS strain data are collected under varying loading 
conditions. Strain data are processed with the displacement and twist-sensing algorithms and 
independently verified by comparison to conventional ground-based instrumentation.  
Nomenclature 
A  area enclosed by the section median line, in2 
AFRC  Armstrong Flight Research Center 
c  distance to bending neutral axis, in 
Cθ   twist calibration coefficient, in-1 
DIC  digital image correlation 
DTF  Displacement Transfer Function  
E  elastic modulus, lbf-in-2 
FOSS  Fiber Optic Sensing System 
FOSS-DTF Displacement Transfer Function applied to FOSS strain data 
FOSS-TTF Twist Transfer Function applied to FOSS strain data 
G  shear modulus, lbf-in-2 
h  structure height at sensing station, in 
I  second moment of area, in4 
J  polar second moment of area, in4 
L  length between sensing stations, in 
M  bending moment, in-lbf 
NASA   National Aeronautics and Space Administration 
PAT  Passive Aeroelastic Tailored (name of test article) 
q  shear flow, lbf-in-1 
t  thickness, in 
T  torque, in-lbf 
TTF  Twist Transfer Function 
w  load, lbf 
X  forward and aft in aircraft coordinate frame 
Y  right and left in aircraft coordinate frame 
y  span distance of wing structure in local coordinate frame 
Z  up and down in aircraft coordinate frame 
α   surface strain orientation angle, deg 
γ  shear strain, in/in 
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Δ  difference 
ε   normal strain, in/in 
Λ  sweep angle, deg 
θ   wing twist angle, aircraft pitch angle, deg 
σ  normal stress, lbf-in-2 
τ  shear stress, lbf-in-2 
ϕ  wing slope angle, aircraft roll angle, deg 
ψ  aircraft yaw angle, deg 
 
Subscripts 
A, B, C  reference sensor orientations for FOSS rosette 
i, k  reference sensing station indices 
u, l  reference to upper surface and lower surface 
x, y, z  reference orthogonal orientations 
Introduction 
In June 2003, the National Aeronautics and Space Administration (NASA) experienced an in-flight 
structural breakup of the Helios Prototype airframe due to turbulence and excessive structural deflection. 
Among the technical recommendations and lessons learned was the need to develop a method for 
real-time measurement of the wing shape and methods to control aeroelastic divergence to avoid or 
reduce the risk of another such catastrophe (ref. 1). One method utilized previously at the NASA 
Armstrong Flight Research Center (AFRC) for in-flight monitoring of wing deflections is the 
electro-optical flight deflection measurement system (FDMS), which is composed of on-board cameras 
and several wing-mounted targets (ref. 2). The FDMS has been used on multiple vehicles such as the 
Highly Maneuverable Aircraft Technology (HiMAT) remotely piloted research vehicle (RPRV-870) 
(Rockwell International) (ref. 3), the X-29 forward-swept-wing Advanced Technology Demonstrator 
aircraft (Grumman Aerospace Corporation) (ref. 4), the Advanced Fighter Technology Integration (AFTI) 
F-111 Mission Adaptive Wing (MAW) research aircraft (General Dynamics Corporation) (GD) (ref. 5), 
the F-16C Block 40 aircraft (GD) (ref. 6) and the Active Aeroelastic Wing F/A-18 airplane (McDonnell 
Douglas, now The Boeing Company, Chicago, Illinois) (ref. 7). 
This report presents an alternative approach to obtaining real-time in-flight monitoring of wing 
deformation, utilizing fiber-optic sensing embedded with multiple fiber Bragg gratings (FBGs) along  
with strain-based deflection and twist algorithms. The fiber-optic sensors are lightweight, thin 
(approximately the diameter of a human hair) (ref. 8), flexible, easily applied to exterior surfaces, and 
may be multiplexed, allowing real-time access to distributed strain data. The Fiber Optic Sensing System 
(FOSS) utilized to obtain the data presented in this report was developed at the NASA AFRC. The FOSS 
can be used to interrogate optical fiber with a series (up to 1,000) of distributed FBGs to provide real-time 
strain data (ref. 8). During testing of wing structures, the FOSS can simultaneously and continuously 
interrogate eight 40-ft optical fibers containing FBGs at one-half-inch intervals, providing nearly 8,000 
strain sensor readings per scan at 20 Hz in this application. The FOSS can provide 100 times the number 
of strain measurements at 1/100th the total sensor weight when compared to conventional electrical-
resistance strain gage implementations in a sensor-to-sensor comparison (ref. 8). The FOSS can operate in 
stand-alone mode, which is used for flight applications, or in remote control mode, in which a laptop is 
connected to provide monitoring and control. A centralized software interface combines all functions into 
a suite of applications to interface with FOSS data. The high spatial density of the FBGs has enabled 
engineers to develop strain-based shape-estimation algorithms.  
These shape-estimation algorithms are known as the Displacement Transfer Function (DTF) and 
Twist Transfer Function (TTF). The DTF and TTF calculations can be utilized independently from the 
FOSS, though the FOSS is an ideal and practical system for providing distributed strain measurements. 
Herein, when the DTF is paired with FOSS data, the resulting calculation is referred to as the FOSS-DTF, 
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and when the TTF is paired with FOSS data, the resulting calculation is referred to as the FOSS-TTF.  
The FOSS-DTF has been implemented on various flight-test articles and flown on vehicles such as the 
modified General Atomics (San Diego, California) Predator B (Ikhana) vehicle (ref. 8), the 
AeroVironment, Incorporated (Monrovia, California) Global Observer unmanned aircraft (refs. 8, 9),  
the X-56 Multi-Utility Technology Testbed (MUTT) aircraft (Lockheed Martin, Bethesda, Maryland) 
(ref. 10), and the RnR Products (Milpitas, California) Alternatively Piloted Vehicle (APV-3) small 
unmanned research aircraft (ref. 11). Such methods have the potential for use in structural health 
monitoring (SHM) and flight control. 
Strain-Based Shape-Sensing Algorithm 
The typical local coordinate frame for an aircraft defines the local X-axis to be aligned forward and 
aft, and the rotation about the X-axis is referred to as the roll angle, defined as ϕ. The change in slope of 
the aircraft wing structure due to structural deformation will also be defined as ϕ. Orthogonal to the local 
aircraft X-axis and on the horizontal plane of reference is the local aircraft Y-axis which is aligned left 
and right, and the rotation about the Y-axis is referred to as the pitch angle and is defined as θ. In this 
report, the change in pitch of the aircraft wing structure will also be referred to as twist angle and will also 
be defined as θ. The local aircraft Z-axis is aligned vertically in the up and down direction, and a rotation 
about the Z-axis will be referred to as the yaw angle and is defined as ψ. An illustration of a typical 
aircraft local coordinate system frame is shown in figure 1. 
 
Figure 1. Aircraft local coordinate system frame. 
 
The strain-based shape-prediction algorithm, also known as the DTF, is derived from classical beam 
theory (Euler-Bernoulli) for several beam configurations including cantilever beams, which are analogous 
to the wing spar structure in aircraft. The classical beam theory can be used to relate the loading of a 
structure to the theoretical curvature, slope, and deflection of a cantilever beam. The general differential 
equation that describes the relationship between a loading function and the resulting shape of a beam is 
shown in equation (1) (ref. 12): 
  
𝑑4𝑧(𝑦)
𝑑𝑦4
=
𝑤(𝑦)
𝐸(𝑦)𝐼(𝑦)
 
 
(1) 
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where the variable 𝑦 is the span distance of the structure starting at the wing root and ending at the end of 
the beam, 𝑧(𝑦) is the vertical displacement of a beam as a function of distance from the root, 𝑤(𝑦) is the 
loading function analogous to the lift generated by the wing, 𝐸 is the elastic modulus, and 𝐼 is the second 
moment of area that is calculated with respect to the centroidal axis perpendicular to the applied loading. 
For the purposes of implementing the strain-based shape-estimation algorithm, the equation of interest is 
the moment-strain relationship of the classical beam differential equation which states that the curvature, 
which is the second derivative of displacement 𝑧(𝑦) of a beam, is proportional to the applied bending 
moment 𝑀(𝑦), as shown in equation (2) (ref. 12):  
  
𝑑2𝑧(𝑦)
𝑑𝑦2
=
𝑀(𝑦)
𝐼(𝑦)𝐸(𝑦)
 
 
(2) 
Bending moment cannot be measured directly, so strain gages are placed on the upper and lower 
surfaces and utilized to quantify the bending moments. The bending stress on the upper surface and the 
normal stress 𝜎𝑢(𝑦)can be related to strain 𝜀𝑢(𝑦), as shown in equation (3): 
  
𝜎𝑢(𝑦) =
𝑀(𝑦)𝑐𝑢(𝑦)
𝐼(𝑦)
= 𝐸(𝑦)𝜀𝑢(𝑦) 
 
(3) 
where 𝜀𝑢 is the strain measurement on the upper surface and 𝑐𝑢 is the vertical distance to the neutral axis 
from the upper surface. The neutral axis is a horizontal axis where the bending moment is equal to zero at 
a given span location. Rearranging terms as in equation (4) shows that:  
  
𝑀(𝑦)
𝐼(𝑦)𝐸(𝑦)
=
𝜀𝑢(𝑦)
𝑐𝑢(𝑦)
 
 
(4) 
An illustration of the neutral axis is provided in figure 2. 
 
Figure 2. Example of neutral axis distance. 
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As stated by Bakalyar (ref. 13), the distance to the neutral axis from the upper surface can be found 
experimentally by assuming a linear stress/strain distribution from the upper surface (𝜀𝑢) to the lower 
surface (𝜀𝑙). A pair of strain measurements placed on the upper and lower surfaces at the same span 
location can be utilized to find the distance to the neutral axis, as shown in equation (5):  
  
𝑐𝑢(𝑦) =
ℎ(𝑦)𝜀𝑢(𝑦)
𝜀𝑙(𝑦) − 𝜀𝑢(𝑦)
 
 
(5) 
where ℎ is the height difference between the upper and lower surface strain measurements. Combining 
the Euler-Bernoulli beam curvature equation in equation (2) with equation (4) and equation (5), Ko, 
Richards, and Tran (ref. 14) showed that the Euler-Bernoulli curvature equation can be expressed as the 
measured strain and geometry of a structure, as shown in equation (6). 
  
𝑑2𝑧(𝑦)
𝑑𝑦2
=
𝜀𝑙(𝑦) − 𝜀𝑢(𝑦)
ℎ(𝑦)
 
 
(6) 
The Euler-Bernoulli beam curvature equation is approximately equal to the incremental change in 
slope (in a local structural coordinate frame) over the strain-sensing distance, and is expressed as shown 
in equation (7): 
  
𝑑2𝑧(𝑦)
𝑑𝑦2
=
𝑑 (tan(𝜙)) (𝑦)
𝑑𝑦
≈
𝑑𝜙(𝑦)
𝑑𝑦
≈
Δ𝜙𝑖
Δ𝐿
 
 
(7) 
where tan(𝜙) ≈ 𝜙 for small angles (angles less than 9 deg), 𝛥𝜙𝑖 is the incremental slope change over the 
ith sensing element, and ΔL is the distance between the sensor stations (see figure 3). With these 
approximations, the shape-sensing algorithm no longer requires the shape calculations to be a continuous 
function of 𝑦 along the span of the structure, but rather can be treated as discrete nodal points and sensing 
elements. Forward kinematic equations utilizing joint angles and rigid links (see figure 4) can be utilized 
to calculate the distributed shape. By combining the elemental slope change approximations in  
equation (7) and the strain-based curvature equation defined in equation (6), the incremental elemental 
change in slope in between adjacent node stations can be calculated as shown in equation (8). 
 
 
Figure 3. Illustration of nodal points and sensing elements. 
6 
 
 
 
Figure 4. Example of forward kinematic chain for vertical displacement. 
 
 
Δ𝜙𝑖 =
𝜀𝑙𝑖 − 𝜀𝑢𝑖
ℎ𝑖
Δ𝐿𝑖 
(8) 
The distributed slope profile of the structure can be found by summing the elemental slope changes as 
shown in equation (9):  
  
𝜙𝑛 = 𝜙0 + ∑ Δ𝜙𝑖
𝑛
𝑖=1
 
 
(9) 
where 𝜙0 is the initial root slope condition. The vertical displacement (𝑍𝑛) and lateral position (𝑌𝑛) at 
each node can be approximated by utilizing trigonometric functions. The process of determining the 
vertical displacement at any nodal station n is called the DTF. The DTF can be determined by summing 
the sine of the slope angle 𝜙𝑖 multiplied by the sensor station spacing 𝛥𝐿 as shown in equation (10) with 
reference to figure 4.  
  
𝑍𝑛 = 𝑍0 + ∑ 𝑠𝑖𝑛(𝜙𝑖)Δ𝐿𝑖
𝑛
𝑖=1
 
 
(10) 
The horizontal position (𝑌𝑛) of each discrete nodal station can be approximated by summing the 
cosine of the slope angle 𝜙𝑖 multiplied by the sensor station spacing 𝛥𝐿 as shown in equation (11):  
  
𝑌𝑛 = 𝑌0 + ∑ cos(𝜙𝑖) Δ𝐿𝑖
𝑛
𝑖=1
 
 
(11) 
While in flight, the twist of a wing results in a change in the local angle of attack of the 
two-dimensional cross-section, which in turn changes the lift profile over the wing. A flexible wing may 
have the strength to carry the gross weight of a vehicle, but could be susceptible to aeroelastic divergence 
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given enough deformation. To measure the twist of a wing in real time, a strain-based twist-sensing 
method has been developed. The angle of twist of a structure can be calculated by utilizing equation (12) 
(ref. 12): 
  
𝜃(𝑦) =
𝑇(𝑦)𝐿(𝑦)
𝐺(𝑦)𝐽(𝑦)
  ⟶   Δ𝜃𝑘 =
𝑇𝑘Δ𝐿𝑘
𝐺𝑘𝐽𝑘
   
 
(12) 
where 𝛥𝜃𝑘 is the incremental kth element change in twist angle between adjacent sensing stations, 𝛥𝐿𝑘 is 
the distance between shear-strain-sensing stations, 𝑇𝑘 is the total torque at the given element 
cross-section, 𝐺𝑘 is the material shear modulus and 𝐽𝑘 is the polar second moment of area. The torque 
cannot be measured directly, so strain gage rosettes are used to measure shear strain. Strain rosettes are a 
group of three individual strain gages (𝜀𝐴, 𝜀𝐵, 𝜀𝐶), with unique orientations (𝛼𝐴, 𝛼𝐵, 𝛼𝐶), see figure 5. 
Three unique orientations, as shown in equation (13), are required in order to solve for three strain 
components: the normal strain in the X-axis (𝜀𝑥), normal strain in the Y-Axis (𝜀𝑦), and the shear strain 
relative to the X and Y axis. (𝛾𝑥𝑦). 
 
Figure 5. Example of a FOSS rosette used on the CREW test article. 
  
[
𝜀𝐴
𝜀𝐵
𝜀𝐶
] = [
cos2 𝛼𝐴 + sin
2 𝛼𝐴 + 𝑠𝑖𝑛 𝛼𝐴 ⋅ cos 𝛼𝐴
cos2 𝛼𝐵 + sin
2 𝛼𝐵 + 𝑠𝑖𝑛 𝛼𝐵 ⋅ cos 𝛼𝐵
cos2 𝛼𝐶 + sin
2 𝛼𝐶 + 𝑠𝑖𝑛 𝛼𝐶 ⋅ cos 𝛼𝐶
] ⋅ [
𝜀𝑥
𝜀𝑦
𝛾𝑥𝑦
] 
 
(13) 
The torque can be related to shear strain as shown in equation (14): 
  
 
𝑇𝑘 = 2𝐴𝑘𝑞𝑘
𝑞𝑘 = 𝜏𝑥𝑦𝑘𝑡𝑘
𝜏𝑥𝑦𝑘 = 𝐺𝑘𝛾𝑥𝑦𝑘
  }  ⟶   𝑇𝑘 = 2𝐴𝑘𝐺𝑘𝑡𝑘𝛾𝑥𝑦𝑘  
 
(14) 
where 𝐴 is the area enclosed by the section median line, 𝑞 is the shear flow through an enclosed cell, 𝑡 is 
the wall thickness, 𝜏𝑥𝑦 is the shear stress on the surface of the structure and 𝛾𝑥𝑦 is the shear strain on the 
surface of the structure. This method requires that shear-strain measurements be obtained by strain gages 
placed on the outer mold line, on the upper and lower surfaces and not on the vertical webs, to avoid 
coupling shear flow from adjacent cells as shown in figure 6, and also to avoid coupling from shear stress 
due to vertical and bending loads. 
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Figure 6. Example of cross section shear flow from torque in multi-celled structure. 
 
The incremental change in twist angle over the element can be related to shear strain by combining 
the terms from equation (12) and equation (14) to yield equation (15):  
  
Δ𝜃𝑘 =
2𝐴𝑘𝑡𝑘
𝐽𝑘
𝛾𝑥𝑦𝑘Δ𝐿𝑘 
 
(15) 
It is possible to experimentally determine the combined effect of the second moment of area (𝐽), wall 
thickness (𝑡) and area enclosed by the section median line (𝐴) by solving for a twist calibration term 
(𝐶𝜃𝑘). The twist calibration term (𝐶𝜃𝑘) can be defined as shown in equation (16):  
  
𝐶𝜃𝑘 =
2𝐴𝑘𝑡𝑘
𝐽𝑘
 
 
(16) 
where the calibration term has units of inverse length and can be experimentally found by applying a 
torque to the structure and measuring the shear-strain response (𝛾𝑥𝑦𝑘) from the FOSS and the deformed 
twist angle response (Δ𝜃𝑘) from an independent measurement system. The difference between the twist 
angles between two node stations compared to the elemental shear strain measured between the stations 
can be correlated as shown in equation (17). 
  
𝐶𝜃𝑘 =
Δ𝜃𝑘
𝛾𝑥𝑦𝑘Δ𝐿𝑘
 
(17) 
Once the calibration coefficient is obtained, it can be multiplied by the shear strain and sensing 
distance to estimate the elemental change in twist angle, as shown in equation (18). 
  
Δ𝜃𝑘 = 𝐶𝜃𝑘𝛾𝑥𝑦𝑘Δ𝐿𝑘 
 
(18) 
An illustration of the relationship between shear strain and twist angle can be found in figure 7. 
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Figure 7. Illustration of shear strain to twist angle relationship. 
 
The process of determining the twist angle at any nodal station m is the TTF and can be determined 
by summing the incremental twist contributions at each element using equation (19):  
  
𝜃𝑚 = 𝜃0 + ∑ Δ𝜃𝑘
𝑚
𝑘=1
 
(19) 
Test Article Description 
The Passive Aeroelastic Tailored (PAT) wing test article is a carbon-epoxy, semi-span, right wingbox 
which was designed and manufactured by Aurora Flight Sciences (Dayton, Ohio) using a newer 
composite technology known as tow-steering fibers. The test article, shown in figure 8, is a 27-percent 
scale model of the undeflected Common Research Model (uCRM) with a high aspect ratio of 13.5,  
a 36.8-deg wing sweep, and a span of approximately 39 ft from the leading edge (LE) root to the  
trailing edge (TE) tip. 
10 
 
 
Figure 8. The Passive Aeroelastic Tailored wing test article. 
Test Setup Description 
The test article was cantilevered from a self-reacting wing loads test fixture, where the load trains 
push off of the test fixture while the test fixture also simultaneously constrains the wing. Four aircraft 
pins were used to secure the wing spars to a simulated wingbox, which was mounted to the self-reacting 
wing loads test fixture (see figure 9 and figure 10). Load was applied to the wing using a system of  
14 load trains for the download Design Limit Loads (DLL) cases and flexural test. Each load train 
included a hydraulic actuator, force transducer, and clevis. The load trains were designed to provide an 
upload or download to the wing. Due to the large vertical displacements during the upload DLL load 
cases, the test utilized an overhead structure for applying loads. The overhead structure contained three 
actuators attached to a whiffletree structure that attached to the wing lugs. 
 
 
Figure 9. The load train setup under the test wing. 
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Figure 10. The test setup for the Passive Aeroelastic Tailored wing. 
Instrumentation 
The PAT wing was instrumented with various types of instrumentation to characterize the structural 
response to applied load. Instrumentation included measurements of strain, displacement, angles and 
applied load. Load cells were installed between the load-train-to-wing interface to monitor input loads to 
the wing. Wing displacement measurements were made using displacement transducers, including string 
potentiometers and linear variable differential transducers. Wing-twist-angle and slope-angle 
measurements were made using dual-axis inclinometers. In addition, a digital image correlation (DIC) 
system was utilized to estimate displacements and twist angles through digital image processing, by 
tracking the movements of targets placed on the wing. The FOSS-DTF vertical deflection estimates are 
compared against string potentiometers and displacement output of the DIC system. The FOSS-TTF twist 
estimates are compared against inclinometers and twist calculations from the DIC system. 
The wing test article was instrumented with eight 40-ft sensing optical fibers with one-half-inch-
spaced FBGs containing 1,000 strain sensors per fiber. Optical sensing fibers were bonded to the upper 
and lower surfaces along the forward and aft spar. Two optical sensing fibers were also placed at the 
40-percent chord on the upper and lower surfaces. On the upper and lower surfaces, an optical sensing 
fiber was installed offset approximately four inches from the leading spar and routed in a ± 45-deg pattern 
spaced four rib bays apart. Figure 11 and figure 12 show the layout of the optical sensing fibers on the 
PAT wing. The intent of the pattern was to create a 0-deg / +45-deg / -45-deg rosette pattern similar to the 
pattern illustration in figure 5. 
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Figure 11. The FOSS layout sketch on the upper surface of the wing test article. 
 
 
Figure 12. The FOSS layout sketch on the lower surface of the wing test article. 
 
In this report, the sensing fibers installed on the upper and lower surface of the forward spar  
(the yellow curve shown in figure 11 and figure 12) are used with the DTF to calculate vertical 
displacement. The ±45-deg zig-zag pattern (the purple curve shown in figure 11 and figure 12) 
intersection with the forward-spar sensing fiber is used as inputs to the strain rosette transform 
(eq. (13)) to calculate shear strain (𝛾𝑥𝑦𝑘). The calculated shear strain is used with the TTF to calculate 
twist over 13 shear-strain-sensing elements.  
Load Case Description 
The PAT wing loads test included 17 load cases which were broken down into eight single-point  
flex-axis tests (two cycles each), four distributed negative-g loads tests, and five distributed positive-g 
loads tests. The download tests were broken down into incremental steps leading to 100-percent 
download DLL, ranging from 25 percent, 50 percent, 75 percent, and 100 percent. The upload tests were 
broken down into incremental steps leading to 90 percent upload DLL, ranging from 25 percent,  
50 percent, 75 percent, 80 percent, and 90 percent. 
Displacement Transfer Function Test Results 
The FOSS strain data recorded at the time of maximum vertical deflection of 90-percent upload DLL 
are shown in figure 13. Also included in the figure are the metallic foil strain gages which were installed 
adjacent to the FOSS sensing fibers. The 90-percent upload DLL is provided as the example load case 
because it has the largest vertical deflection and has the largest difference between the FOSS-DTF and 
string potentiometer. The FOSS strain data were utilized with the modified Euler-Bernoulli beam 
equation (equation (8)) to determine the incremental change in slope Δ𝜙𝑖 at each ith strain-sensing station. 
It should be noted that the curvature calculations are in a local coordinate frame aligned along the forward 
spar orientation, which is swept aft relative to the global aircraft coordinate system. The vertical 
deflection at the wing tip is not affected by the choice of a local coordinate frame or global coordinate 
frame. It is also noted that the wing slope in this section is also in the local coordinate frame. 
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Figure 13. Load case 90-percent upload DLL, strain distribution on top and bottom surface of forward spar, 
and foil strain gages (local coordinate frame). 
 
The output of the incremental slope change equation (equation (8)) was then utilized in the distributed 
slope equation (equation (9)) to calculate the slope 𝜙𝑖 of the structure at each ith sensing station. The 
incremental change in slope is shown in figure 14.  
 
 
Figure 14. Load case 90-percent upload DLL, FOSS-DTF incremental slope change (local coordinate 
frame). 
 
The structure being pinned at the root, the initial slope 𝜙0 is predicted to be non-zero. To account for 
the non-zero root slope, a calibration of root-bending strain to root rotation was performed. An 
inclinometer at the root of the wing provided an estimate for the root rotation, and the root-bending strain 
was calculated by utilizing the difference in strain on the top and the bottom surfaces at the root of the test 
article. The root-bending strain obtained by the FOSS was multiplied by a calibration factor to provide a 
strain-based estimation for the root rotation. The root rotation calibration was utilized in all load cases 
presented in this report. The FOSS-DTF calculated slope (deg) from root to wing tip, along with nine 
distributed inclinometer readings, are plotted in figure 15. 
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Figure 15. Load case 90-percent upload DLL, FOSS-DTF distributed slope angle calculation and 
inclinometers (local coordinate frame). 
 
The calculated distributed slope (eq. (9)) was then applied to the forward kinematic chain equation 
(eq. (10)) to calculate the vertical deflection. The resulting FOSS-DTF displacement calculation, eight 
string potentiometer readings, and DIC results for Load case 90-percent upload DLL are shown in  
figure 16.  
 
 
 
Figure 16. Load case 90-percent upload DLL, FOSS-DTF vertical deflection calculation, string 
potentiometers and DIC (global coordinate frame). 
 
At the maximum vertical deflection, the string potentiometer and FOSS-DTF were in close 
agreement, with a maximum difference of 1.63 percent. The string potentiometer recorded a maximum 
deflection of 76.79 in while the FOSS-DTF calculated 76.11 in. 
At the maximum vertical deflection, the DIC and FOSS-DTF were in close agreement, with a 
maximum difference of 0.6 percent. The DIC recorded 75.99 in at the outboard target while the adjacent 
FOSS-DTF location calculated 76.11 in. 
The time history of the DIC and FOSS-DTF wing-tip displacement for Load case 90-percent upload 
DLL is shown in figure 17. The time history of the difference between FOSS-DTF and DIC is shown in 
figure 18. 
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Figure 17. Load case 90-percent upload DLL wing-tip displacement time history, FOSS-DTF and DIC. 
 
 
Figure 18. Load case 90-percent upload DLL time history of difference in wing-tip displacement between 
FOSS-DTF and DIC, and normalized load profile. 
 
The mean difference from the FOSS-DTF and DIC for Load case 90-percent upload DLL is 0.09 in, 
the standard deviation is 0.15 in, and the maximum difference is 0.48 in. An equivalent analysis was 
performed for the outboard string potentiometer and the adjacent FOSS-DTF calculation. The mean 
difference from the FOSS-DTF and outboard string potentiometer for Load case 90-percent upload DLL 
is 0.39 in, the standard deviation is 0.25 in, and the maximum difference is 1.25 in. 
A summary of the remaining load cases is shown in figure 19. Over all the load case profiles, the 
maximum difference between the DIC and FOSS-DTF occurred during the Flex Axis TE Station 5,  
Cycle #1 with a difference of 0.95 in (excluding the 75-percent Upload test case, where test conditions 
exceeded the FOSS operational strain range settings during this test sequence). An equivalent analysis 
was performed for the outboard string potentiometer and the adjacent FOSS-DTF calculation.  
Over all the load case profiles, the maximum difference between the string potentiometer and FOSS-DTF 
is 1.77 in during the 80-percent Upload DLL test case. Compared to the string potentiometers, it is 
assumed that the DIC deflection results are closer to the true deflection of the PAT wing, especially 
during large deformations, since the string potentiometer cannot distinguish lateral (inboard or  
outboard) displacements from vertical displacements. String potentiometers thus tend to overestimate 
displacements. 
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Figure 19. Wing-tip deflection summary, FOSS-DTF to DIC comparison. 
Note (figure 19):  
- * The test condition exceeded the FOSS operational strain range settings for the 75-percent Upload DLL test case.  
- ** Data before exceeding the FOSS operational strain range settings for the 75-percent Upload DLL test case. 
- *** Tip displacement not observed by DIC system due to test fixture obstruction; the next available target is presented. 
- FOSS strain range settings reconfigured for 80-percent and 90-percent Upload test case. 
Twist Transfer Function Test Results 
The FOSS strain data recorded at the time of maximum wing-tip twist of 90-percent upload DLL are 
shown in figure 20. The 90-percent upload DLL is provided as the example load case because it has the 
largest wing-tip twist. The FOSS strain data shown in figure 20 and figure 21 were utilized with the 
rosette strain transformation equation (equation (13)) in order to determine shear strain at 13 stations 
along the wing span. The difference between the shear strain on the bottom surface and on the top surface 
was used in the TTF algorithm and is presented in figure 22. 
 
 
Figure 20. Load case 90-percent upload DLL FOSS strain distribution of top forward spar and top +/-45-deg 
pattern. 
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Figure 21. Load case 90-percent upload DLL FOSS strain distribution of bottom forward spar and bottom 
+/-45-deg pattern. 
 
 
Figure 22. Load case 90-percent upload DLL FOSS shear-strain distribution on top surface (local coordinate 
frame). 
 
Load cases Flex Axis 7 LE cycle #1 (upwards deflection) and Flex Axis 7 TE cycle #1 (downwards 
deflection) were used to determine the twist calibration term (𝐶𝜃𝑘) in equation (17). Improved results 
were obtained by using two separate twist-calibrations terms: one twist-calibration term for upwards 
loading, and a second for downwards loading. Root axial strains obtained by FOSS were used to 
determine the direction of bending for the selection of the twist-calibration term. The two different 
calibration terms may be due to non-symmetric torsional stiffness due to the construction of the wing 
structure where the skins, spars, and ribs are held together with fasteners as opposed to being bonded 
together. The two twist-calibration terms are presented in figure 23. The distributed shear strain, 
presented in figure 22 (the black curve), was then used with the calibration term for upwards loading  
(the blue curve) in figure 23 to calculate the elemental change in twist angle between sensing stations 
using equation (18). 
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Figure 23. Twist calibration coefficients for upwards loading and downwards loading. 
 
The twist-calibration term for uploading (see figure 23) and the distributed shear strain from 
90-percent upload DLL (see figure 22) are processed with the TTF (eqs. (18) and (19)) to determine the 
FOSS-TTF distributed twist profile in the local coordinate frame aligned with the leading-edge spar.  
A spline-fitting interpolation filter was applied to the results to provide the same number of sensing 
stations as the distributed slope calculation in figure 15, and to increase the number of virtual 
shear-sensing stations. An equal number of sensing stations for twist and slope angle is required for a 
coordinate transformation into the global coordinate frame. The resulting local coordinate frame 
FOSS-TTF twist distribution plotted along with distributed inclinometers and the calculated twist from 
the DIC is presented in figure 24. 
 
 
Figure 24. Load case 90-percent upload DLL twist distribution from FOSS-TTF, inclinometers and DIC 
(local coordinate frame). 
 
In order to convert the slope and twist angle from the local coordinate frame into the global 
coordinate frame, the slope angles relative to the leading edge (ϕLE) and the twist angle relative to the 
leading edge (θLE) have to be rotated by the sweep angle of the leading edge (ΛLE). The rotation matrix 
is provided in equation (20). Wing-twist relative to the global coordinate frame is an important parameter 
to monitor because it represents a change in the local angle of attack of the airfoil relative to the incoming 
airflow. Increased angle of attack of an airfoil generally results in increased lift, assuming no flow 
separation. Airfoil drag is also affected by changes in the angle of attack. 
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[
𝜙𝑔
𝜃𝑔
] = [
cos(𝛬𝐿𝐸) sin (𝛬𝐿𝐸)
−sin (𝛬𝐿𝐸) cos (𝛬𝐿𝐸)
] [
𝜙𝐿𝐸
𝜃𝐿𝐸
] (20) 
 
The slope angle and twist transformation from the local coordinate frame into the global coordinate 
frame is provided in figure 25. For the 90-percent upload DLL load case, the slope angle and the twist 
angle are both decreased when converted into the global coordinate frame. 
 
 
Figure 25. Load case 90-percent upload DLL, distributed slope and twist angle transformed from local 
coordinate frame to global coordinate frame. 
 
The resulting global coordinate frame twist distribution of the FOSS-TTF plotted along with 
distributed inclinometers and the calculated twist from the DIC is presented in figure 26. Due to the 
overhead loading system interfering with the view of wing-tip DIC targets (figure 10), the wing-tip DIC 
twist calculations were not obtained at the maximum load of 90-percent upload DLL. The FOSS-TTF 
therefore will only be compared against the inclinometers for the remainder of this report. 
 
 
Figure 26. Load case 90-percent upload DLL, global coordinate twist distribution from FOSS-TTF, 
inclinometers, and DIC. 
 
At the maximum twist, the inclinometer and FOSS-TTF were in close agreement with a difference of 
0.07 deg, and a maximum difference over the time profile of 0.29 deg. The inclinometer recorded a 
maximum twist of -13.33 deg at the wing tip and the FOSS-TTF recorded -13.40 deg. The time history of 
the inclinometer and FOSS-TTF wing-tip twist for Load case 90-percent upload DLL is shown in figure 
27. The time history of the difference between FOSS-TTF and inclinometer is shown in figure 28. 
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Figure 27. Load case 90-percent upload DLL wing global coordinate frame tip twist time history, 
FOSS-TTF and inclinometer. 
 
 
Figure 28. Load case 90-percent upload DLL time history of difference in wing-tip twist between 
FOSS-TTF and inclinometer. 
 
The mean difference from the FOSS-TTF and inclinometer for Load case 90-percent upload DLL is 
0.003 deg, the standard deviation is 0.05 deg, and the maximum deviation is 0.29 deg out of 13.33 deg.  
A summary of the remaining load cases is shown in figure 29. Over all the load case profiles, the 
maximum difference between the inclinometer and FOSS-TTF wing-tip twist in the global coordinate 
frame is 0.43 deg for the 25-percent download DLL case.  
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Figure 29. Wing-tip twist summary, FOSS-TTF to inclinometer comparison. 
Note (figure 29):  
- * The test condition exceeded the FOSS operational strain range settings for the 75-percent Upload test case.  
- ** Data before exceeding the FOSS operational strain range settings for the 75-percent Upload test case. 
- FOSS strain range settings reconfigured for 80-percent and 90-percent Upload test case. 
Conclusion 
The algorithms presented in this paper demonstrate the ability to effectively use distributed strain 
measurements to determine wing deflection and twist on high-aspect-ratio, swept-wing structures. Both 
the Displacement Transfer Function (FOSS-DTF) and Twist Transfer Function (FOSS-TTF) were shown 
to accurately estimate the deformation of the Passive Aeroelastic Tailored wing (PAT wing) when 
calibrated and paired with the NASA Armstrong Flight Research Center (AFRC) Fiber Optic Sensing 
System (FOSS). At the maximum vertical deflection of 75.99 inches, the Digital Image Correlation (DIC) 
system and FOSS-DTF were in close agreement with a maximum difference of 0.6 percent, and the string 
potentiometer and FOSS-DTF were in close agreement with a maximum difference of 2.2 percent. At the 
maximum wing twist of -13.33 deg, the inclinometer and FOSS-TTF were within 0.5 percent. The DIC 
twist measurements were intermittently available due to the overhead loading system obstructing the 
stereoscopic camera system view of DIC targets throughout the loading cycles. 
The results presented also demonstrate the ability to easily implement these algorithms for use in 
flight for both health monitoring and control applications. The potential integration of the AFRC FOSS 
for structural monitoring of aircraft could allow reduction of weight while maintaining a high level of 
confidence in future aircraft designs. In addition, a real-time monitoring system can reduce the risk of 
in-flight structural failure by providing crucial flight data including wing deformations and structural 
stresses. 
Traditional sensing instrumentation including metallic foil strain gages, accelerometers, and 
thermocouples tend to be heavy and bulky, limiting their application to a few sensors, usually near the 
wing root. Recent improvements in fiber-optic technology have enabled the use of slim surface-mounted 
fiber Bragg gratings, which provide numerous distributed strain and temperature measurements from a 
variety of structural elements. Because of their accuracy, light weight, small size, and flexibility, these 
fiber-optic sensors are ideal for flying aircraft having strict weight and size limitations. The use of the 
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FOSS along with the displacement and twist transfer functions could also be used to control of the shape 
of a wing structure during flight, potentially preventing aeroelastic divergence.  
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